Pig (Sus scrofa) is an important organism for both agricultural and medical purpose. This study aims to investigate the S. scrofa transcriptome by the use of Roche 454 pyrosequencing. We obtained a total of 558 743 and 528 260 reads for the back-leg muscle and ovary tissue each. The overall 1 087 003 reads give rise to 421 767 341 bp total residues averaging 388 bp per read. The de novo assemblies yielded 11 057 contigs and 60 270 singletons for the back-leg muscle, 12 204 contigs and 70 192 singletons for the ovary and 18 938 contigs and 102 361 singletons for combined tissues. The overall GC content of S. scrofa transcriptome is 42.3% for assembled contigs. Alternative splicing was found within 4394 contigs, giving rise to 1267 isogroups or genes. A total of 56 589 transcripts are involved in molecular function (40 916), biological process (38 563), cellular component (35 787) by further gene ontology analyses.
Introduction
As a predominant domestic animal, pig (Sus scrofa) not only provides us plenty meat, but also is an important model organism for medical research. Understanding the genetic principle of growth and reproduction traits is helpful for S. scrofa production and also has scientific significance for basic biology and human medicine. 1 Notable progress has been achieved to identify causative genes or single-nucleotide polymorphisms (SNPs) underlie complex traits in the past decades. A recessive missense mutation of S. scrofa ryanodine receptor (RYR1) gene was proved to induce malignant hyperthermia and halothane sensitivity in S. scrofa, which was effectively applied in selection program by many breeding farms. 2 In 2003, an SNP in intron 3 of insulin-like growth factor 2 was identified as a causative quantitative trait nucleotide for porcine muscle growth. 3 With the accomplishment of S. scrofa genome sequencing, it is realistic and efficient to identify genes or genetic markers underlying complex traits at whole-genome or transcriptome level. In 2005, a 0.66Â coverage S. scrofa genome including 3.84 million shotgun sequences was generated from Hampshire, Yorkshire, Landrace, Duroc and ErHuaLian pigs, giving rise to 2.08 billion nucleotide bases, indicating that the S. scrofa genome is much closer to human than mouse does. 4 Later, the complete S. scrofa genome was available online in 2009 (November 2009, SGSC Sscrofa9.2/susScr2; http://genome.ucsc. edu/cgi-bin/hgBlat). From 4.8 million whole-genome shotgun sequences, 98 151 SNPs were predicted with one sequence representing the polymorphism, and most SNPs were confirmed by testing in three purebred boar lines and wild boar. 5 Recently, a high-density SNP chip (Illumina Porcine 60K þ SNP iSelect Beadchip) was designed and supplied for commercial use, which included 64 232 SNPs after reliable validation. 6 The developed SNP chip was subsequently used in wholegenome association analysis to identify genes for body composition and structural soundness traits in S. scrofa. 7 Based on genomic background, investigation of S. scrofa transcriptome is realistic and extremely useful for identification of candidate genes account for quantitative traits at the global level. The cDNA microarray or gene chip is a common tool for transcriptomic analysis. Confirmed by real-time RT-PCR and association analyses, some candidate genes and SNP markers for S. scrofa reproduction traits have been identified with microarray profiling by Affymetrix Porcine Genechip TM . 8 With the use of S. scrofa whole-genome 70-mer oligonucleotide microarray, 62 expression quantitative traits loci (eQTLs) were successfully identified from loin muscle tissue through global genomewide linkage analysis. 9 Nevertheless, cDNA microarray has some limitations as it fails to recognize new genes (transcripts) and sequence variations.
RNA sequencing (RNA-seq) is a new but efficient technology for the thorough investigation on transcriptome. With the rapid development of second-generation sequencing, RNA-seq becomes more efficient and less costive by some latterly developed platforms, i.e. Roche 454, Illuminate Solexa GA IIx, Life Technology SOLID, Helicos Biosciences tSMS and others. 10 The Roche 454 can generate long reads and is generally used in transcriptome analysis in human, 11, 12 mammals, 13 insects, 14 fish, 15 plants 16, 17 and microorganisms. 18 Until now, reports on S. scrofa transcriptome by RNA-seq technology are very limited. In this study, we performed 454 pyrosequencing of muscle and ovary tissues to characterize S. scrofa transcriptome and to identify potential markers for growth and reproduction traits.
Materials and methods

Animal and RNA preparation
One landrace female at 6-month age was subject to transcriptomic analysis of S. scrofa. Landrace is a typical commercial S. scrofa strain and widely used in domestic livestock production. The animal was slaughtered quickly to collect two tissues of the ovary and back-leg muscle. The fresh tissues were steeped in liquid nitrogen immediately after collection, and then kept at 2808C refrigerator (Thermo Forma, USA) for preservation before use. Trizol (Invitrogen, CA, USA) was used to isolate total RNA following the manufacturer's protocols.
Construction of cDNA library and 454 sequencing
Approximately 10-mg total RNA was delivered to Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China) for the construction of a cDNA library. RNA quality was assessed by 260/280 and 260/230 ratios with the Agilent 2100 Bioanalyzer. The SMART cDNA library construction kit (Clontech, Mountain View, CA, USA) was used to construct the cDNA library of the muscle and ovary tissues following the manufacturer's protocol step by step. cDNA was sheared by nebulization and DNA bands (500 -800 bp) were extracted from gel after agarose gel electrophoresis. The obtained DNA was purified, blunt ended, ligated to adapters and finally small fragments were removed. The quality control of a double DNA library was performed using High Sensitivity Chip (Agilent Technologies). The concentration was examined by TBS 380 Fluorometer. One-plate whole run sequencing was performed on the GS FLX Titanium chemistry (Roche Diagnostics, Indianapolis, IN, USA) by Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. following the manufacturer's protocol.
Bioinformatic analysis
2.3.1. Reads trimming and assemble For each of the sequencing reads, low-quality bases and the sequencing adapter were trimmed using LUCY and SeqClean. The remained 454 reads of the ovary and back-leg muscle were first assembled using the Newbler software using default parameters. The combined reads of the ovary and back-leg muscle were also assembled using the Newbler software.
Assemble of EST
To improve the assembler quality, we collected the ESTs of S. scrofa from PigEST database (http://pigest.ku.dk/download/index.html), which included 398 837 Pub EST sequences and 823 871 Sino-Danish S. scrofa EST sequences. All the ESTs from Roche 454 and PigEST databases were used to run the final assemble of S. scrofa. We chosen the trans-Abyss software for the final assemble, which assembled the ESTs through combining the results of different Kmer parameters. The unigenes with .100 bp in length were used for the subsequent analysis. Moreover, all ESTs were mapped to the S. scrofa draft genome version 9 (download from 344
The Trancriptome of S. scrofa [Vol. 18, Ensembl ftp server http://asia.ensembl.org/info/data/ ftp/index.html). ESTs were considered to be mapped successfully if it had over 95% identities to the corresponding genome sequences.
Transcriptome annotation
The unigenes were compared with the protein non-redundant database using BlastX 19 with E-value , 1.0 Â 10
25
(E-values ,1.0 Â 10 25 were considered as a significant level). Gene ontology (GO) terms 20 were extracted from the best hits obtained from the BlastX against the nr database (E-value 1.0 Â 10 26 ) using blast2go and then were sorted for the GO categories using in-house perl scripts. The metabolic pathway was performed using Kyoto Encyclopaedia of genes and genomes.
Expression analysis
EST reads from the ovary and back-leg muscle were mapped to a unigene sequence using the SSAHA software, respectively. The expression of each unigene was calculated using the numbers of reads with a specific match. Genes with different expression were identified using R package DGEseq. 21 
Bioinformatic mining of microsatellites and
SNP makers The unigene sequences were screened for microsatellites using software MISA (MicroSAtellite, http://pgrc.ipk-gatersleben.de/misa/). All the 454 reads were mapped to the unigenes using SSAHA. The SNPs were extracted using VarScan with the default parameter only when both alleles were detected from 454 reads. The released S. scrofa genome (download from Ensembl ftp server http:// asia.ensembl.org/info/data/ftp/index.html) was used to confirm and locate the SNPs. Only those SNPs that both specifically match a certain genomic region and have a minor allelic frequency no less than 20% are included in analysis.
Data deposition
The Roche 454 reads of S. scrofa by this study are now available from Animal Genomics databases by National Animal Genome Research Program (NAGRP, USA) with URL of http://www.animalgenome.org/ repository/pub/SCAU2011.0502/.
Results
454 sequencing and assembly
In this study, we constructed two cDNA libraries and subsequently obtained two sets of transcriptomic reads for the back-leg muscle and ovary each. The schematic of 454 EST analyses is showed by Fig. 1 Supplementary  Fig. S2 ). Most of these contigs distributed in the 401 -1500-bp region, and about half of them distributed in 401 -700 bp for each of the back-leg muscle (51.35%), ovary (51.79%) and combined tissue (49.62%) ( Table 3 ; Supplementary Fig. S2 ). sequencing, assembly of reads into contigs and isogroups, GO annotation, KEGG analysis and discovery of SNPs and SSRs. Fig. S3 ).
Alternative splicing
More contigs than isogroups are found because some contigs or called isocontigs are attributed to the same isogroups due to alternative splicing (Tables 2 and 4 ). There are 7.0% (662 of 9496), 6.9% (719 of 10 440) and 8.0% (1267 of 15 825) isogroups have no less than two contigs in the backleg muscle, ovary and combined tissues, respectively. The alternative-spliced isogroups in the back-leg muscle, ovary and combined tissues averagely have 3.4, 3.5, and 3.5 isocontigs, respectively (Table 4) .
GO assignments
A total of 56 589 transcripts of S. scrofa were assigned for GO analysis based on matches with sequences whose functions were known previously. Among these transcripts, 45 846 transcripts were successfully annotated with confident matches. (Fig. 2C) .
Metabolic pathways by KEGG analysis
A total of 4268 transcripts are involved in 132 predicted KEGG metabolic pathways, and the numbers of transcripts in different pathways ranged from 1 to 1352. The top 20 pathways with EST numbers are shown in Table 5 , and the highest of the number of transcripts is involved in the biosynthesis of secondary metabolites. Ten biosynthesis pathways included biosynthesis of alkaloids derived from histidine and purine (417), biosynthesis of alkaloids derived from ornithine, lysine and nicotinic acid (368), biosynthesis of alkaloids derived from the shikimate pathway (380), biosynthesis of alkaloids derived from terpenoid and polyketide (399), biosynthesis of secondary metabolites (1352), biosynthesis of plant hormones (625), biosynthesis of phenylpropanoids (466), biosynthesis of terpenoids and steroids (401) and biosynthesis of unsaturated fatty acids (104), as well as biosynthesis of ansamycins (7).
3.5. Tissue-specific analysis for differentially expressed genes Comparison of gene expression by DEGseq showed that a total of 336 genes expressed in the back-leg muscle with a significantly higher level than that of the ovary. These genes are involved in biological process (160 genes), cellular components (96) and molecular function (80) (Supplementary Fig. S4 ). In addition, another 553 genes significantly expressed In some cases, one transcript or gene has multiple functions. in the ovary rather than the back-leg muscle. These genes are involved in biological process (295 genes), cellular components (130) and molecular function (128) (Supplementary Fig. S5 ).
Single-nucleotide polymorphisms
By excluding those that either could not specifically match the S. scrofa genome or had minor allele frequencies lower than 20%, we totally obtained Table 6 .
Simple sequence repeats or microsatellites
We obtained 11 928 simple sequence repeats (SSRs), of which 45.72% were di-nucleotide repeats (5453), followed by 36.06% tri-nucleotide repeats (4301) and 14.85% tetra-nucleotide repeats (1771), as well as 3.38% penta-nucleotide repeats (403) ( Table 7) .
There are six types of di-nucleotide repeats, and among them (GT) n , (AC) n and (AT) n are three predominant types with frequencies of 28.5, 27.6 and 23.12%, respectively (Supplementary Table S1 ). Among trinucleotide repeats, the frequencies of 20 SSR types seem to vary moderately from 0.19 to 17.11%, and the most common repeats are (GTT) n (17.11%) and (ACC) n (10.14%) (Supplementary Table S2 ). As many as 45 SSRs present for tetra-nucleotide repeats, and five of them [15.70% for (ATTT) n , 14.85% for (AAAT) n , 14.00% for (GTTT) n , 12.70% for (CTTT) n and 12.37% for (AAAC) n ] are major ones with frequencies over 10% (Supplementary Table S3 ). Among 21 penta-nucleotide repeats types, (GTTTT) n (34.99%) and (AAAAC) n (20.60%) are two predominant types, followed by 10.42% for (ATTTT) n , and the rest less than 10% (Supplementary Table S4 ).
Discussion
The obtained transcriptomic sequences by this study are useful for us to understand the genetic makeup of S. scrofa whole transcriptome, and to our knowledge, it is very limited until now. Even though the draft S. scrofa genome was released on (551 666) and showed the reproducibility within 454 sequencing and cDNA microarray; however, further analyses of S. scrofa transcriptome with 454 sequences were not reported thereby. 13 Most transcripts (78.7%) identified by this study could match the released S. scrofa genome, and they scattered on chromosome 1-18, X and mtDNA. The bigger chromosomes seem to contain more transcripts compared with others. The obtained overall GC content of S. scrofa transcriptome was 42.3%, which was lower than the reported GC content in 5 0 UTR (59.2%), coding (49.6%), but a little bit higher than 3 0 UTR (41.8%) in the S. scrofa genome. 4 It seemed that more 3 0 UTR than other regions (coding and 5 0 UTR) were included in analyses, as far as only assembled contigs rather than singletons were concerned. The genome-wide average GC content of the human genome is 41%, varying from different chromosomes and regions. 22 It is known that the mouse has a slightly higher overall GC content (42%), but the distribution is tighter. 23 Over 1 million 454 reads and 121 299 ESTs by this study are useful resource for further research on S. scrofa functional genomics.
Both gene annotation and pathway analyses are helpful for us to predict potential genes and their functions at a whole-transcriptome level. In S. scrofa transcriptome, as discovered by this study, the predominant gene clusters are involved in the cellular process and metabolic process of biological process, the binding and catalytic activity of molecular function, as well as the cell, cell part and organelle of a cellular component. Similar results are found in European eel, 24 rainbow trout 15 and Red bugs.
14 Whereas, in Chickpea transcriptome, genes are predominantly involved in the protein metabolism of biological process and the transferase activity of molecular function, as well as the chloroplast of cellular component, which indicated notable differences between animals and plants. 25 In addition, we also predicted overall 4268 ESTs (or transcripts) that are involved in 132 predicted KEGG metabolic pathways, and two major pathways (biosynthesis of secondary metabolites and oxidative phosphorylation) comprised over 1000 ESTs. The predicted pathways altogether with gene annotation are useful for further investigation on gene function in future.
The differentially expressed genes in the back-leg muscle and ovary tissues are probably related to their metabolism and functions. In this study, we found 336 and 553 genes that were significantly expressed in the back-leg muscle and ovary, and they were involved in biological process, cellular components and molecular function by further gene annotation. A recent study identified a total of 306 differently expressed genes between muscle and heart tissue based on 1 253 361 Roche 454 reads and confirmed most genes by a microarray approach. 13 In this study, more differently expressed genes were found between back-leg muscle and ovary based on 1 087 003 reads. As far as different tissues are used by both studies, these differently expressed genes still require for further confirmation. As the muscle and ovary are crucial tissues for growth and reproduction, the identified genes with different expression are the potential candidate for growth and reproduction traits of S. scrofa. Plenty expression SNPs (eSNPs) as identified by this study are valuable molecular markers for further research on S. scrofa. A total of 24 214 SNPs (minor allele frequencies !0.2) were found to specifically match the S. scrofa genome, in which 608 and 125 are in X chromosome and mtDNA, and the rest (23 481) in 18 autosomes. In general, these SNPs should be reliable eSNPs and act as candidate markers for identification of eQTL. In the genome level, a total of 98 151 SNPs were predicted based on 4.8 million whole-genome shotgun sequences. 5 Another study, moreover, discovered as many as 372 886 SNPs by sequencing with Illumina's Genome Analyzer (GA), and 62 621 loci of them were used to design the Illumina Porcine 60K þ SNP iSelect Beadchip. 6 This SNP chip is useful for identification of candidate genes or QTLs underling quantitative traits such as body composition. 7 SSRs, or microsatellite, are neutral molecular markers that wildly distribute in a genome. It was formerly proved that SSRs comprise 3% of the human genome, with the greatest contribution from di-nucleotide repeats (0.5%). 22 In this study, 45.72% of 11 928 SSRs are di-nucleotide repeats, follows by tri-nucleotide repeats (36.06%) and tetra-nucleotide repeats (14.85%), as well as penta-nucleotide repeats (3.38%). In addition to (AC) n and (AT) n of di-nucleotide repeats, and (AAT) n and (AAC) n of tri-nucleotide, (GT) n and (GTT) n also have high frequencies as indicated by this study, which is different from that of the human genome. 22 It is probably because (GT) n and (GTT) n are equal to (AC) n and (ACC) n each, since the reverse strands for some ESTs are used in de novo analysis. In fact, slight differences are found for SSRs among human, mouse and dog, as well as S. scrofa.
23
In conclusion, we have demonstrated the muscle and ovary transcriptome of S. scrofa by the use of high-throughout 454 pyrosequencing. Our study obtained a set of 121 299 transcripts or ESTs and demonstrated some important features of S. scrofa transcriptome, such as GC content, gene annotation and pathways across whole transcriptome. In addition, we identified reliable markers of 24 214 SNPs and 11 928 SSRs. This study is helpful for understanding the genetic architecture of S. scrofa transcriptome and provides useful resource and markers for functional genomic research in future.
